Various factors appear to control muscle energetics, often in conjunction. This calls for a quantitative approach of the type provided by Metabolic Control Analysis for intermediary metabolism and mitochondrial oxidative phosphorylation. To the extent that direct transfer of high energy phosphates and spatial organization plays a role in muscle energetics however, the standard Metabolic Control Theory does not apply, neither do its theorems regarding control. This paper develops the Control Theory that does apply to the muscle system. It shows that direct transfer of high energy phosphates bestows a system with enhanced control: the sum of the control exerted by the participating enzymes on the flux of free energy from the mitochondrial matrix to the actinomyosin may well exceed the 100% mandatory for ideal metabolic pathways. It is also shown how sequestration of high energy phosphates may allow for negative control on pathway flux. The new control theory gives methods functionally to diagnose the extent to which channelling and metabolite sequestration occur. (Mol Cell Biochem 143: 151-168, 1995) 
Introduction
Quantitative approaches have led to appreciable advances in understanding the comrol of cellular metabolism. In the framework of these approaches the intuitive concept of ratelimiting step has been substituted by the more subtle definition of control exerted by any enzyme on the flux. The quantitative formulation was introduced by Higgins [1] and, in more elaborated form, by Kacser and Burns [2, 3J, Savageau [4] and Heinrich and Rapoport [5, 6] . It was renamed to flux control coefficient of an enzyme by Burns et al. [7] in the context of metabolic control analysis.
Treating cellular metabolism as a network of enzyme reactions control analysis used to be based on the following important assumptions: Ill) the rate of any reaction is proportional to the concentration of enzyme (a property often termed additivity [8] ), (2) different enzymes are independent catalysts, (3) the concentrations of enzyme-bound metabolites can be neglected as compared to their free concentrations (substitution of the latter by the total metabolite concentrations greatly simplifies control analysis [9, 10] ).
These assumptions, which are true for simple or 'ideal' [11 ] metabolic pathways result in the equivalence of different ways of defining and measuring the control coefficients of enzymes [12] [13] [14] [15] . Moreover, they allow one to describe metabolic processes at the 'macroscopic' level of 'block' (i.e., the enzyme) reactions without going to the details of reaction mechanisms. With these assumptions great advances were achieved in derivation and interpretation of the control coefficients of enzymes, and, moreover, the ('global') pathway control properties have been expressed in terms &the ('local') regulatory properties of the individual enzyme reactions and of the structure of a pathway [14] [15] [16] [17] [18] .
However, cellular metabolism can not be always reduced to a number of independent enzyme reactions occurring in a well-stirred continuous tank reactor (for which the assumptions of the classical theory hold true). In highly organized cellular metabolic pathways direct enzyme-enzyme interac-tions and enzyme associations take place (for reviews see [19] [20] [21] [22] ). They lead to a restricted diffusion or/and even to a direct transfer of metabolites between interacting enzymes [19, 23, 24] . In some pathways such direct transfer is even standard, for example, in parts of the electron transfer chains of free energy transducing membranes and in the bacterial phosphotransferase systems for sugar uptake [25] .
Membrane linked free energy transduction involving proton pumping [26] has also been proposed to involve direct transfer of protons or associated electric fields between adjacent proton pumps (see [27] as a review). Also in this case such transfer would normally occur in parallel to the generation of a proton electrochemical potential difference between the two aqueous bulk phases bordering the energy coupling membrane. Consequently, conclusive evidence for such proton channelling is still rare.
More recently, it has been shown that a somewhat neglected structural feature of mitochondria, i.e., the outer mitochondrial membrane, warrants greater interest. Molecules such as adenine nucleotides permeate this membrane through a pore to which hexokinase may bind. Inner and outer mitochondrial membranes are in close contact at certain sites. In the context of channelling of high-Gibbs-energy phosphates the issue has been raised of the relative location of adenine nucleotide translocase, creatine kinase, adenylate kinase, hexokinase, contact site and porin [28] [29] [30] [31] [32] .
A number of authors have extended the control analysis approach to special cases of the regulation of systems with enzyme-enzyme interaction and metabolic channelling (see, e.g. [8, [33] [34] [35] [36] ). However, no control theory dealing with the general case of partial channelling, dynamic and/or static, has been developed. Following the work [11] we here develop the essentials of such a control theory for a pathway with metabolic channelling at steady state.
Quantitative definitions of control
The loose question whether the particular enzyme i does or does not control the flux can be made both operational and quantitative by rephrasing it as follows: If we change the activity of the enzyme i by, say, 1% what will be the percentage change in that flux at the steady state? If there is no variation in the flux, clearly this enzyme does not control the flux at all. In case the flux also changes by 1% the enzyme i may be called rate-limiting: the flux completely follows the activity of that enzyme. A strict mathematical definition extrapolates the percent variation to an infinitesimal one and relates a fractional change (dJ/J) in the steady-state flux to the fractional modulation (dei / e) of the enzyme concentration [3] :
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The subscript sys signifies that differentiation conditions require the steady state of the system and allow the concentrations of metabolites to adjust accordingly.
The dimensionless coefficient C J is called the flux control e i coefficient of the enzyme i [7] . As was mentioned, if the control coefficient equals zero, the enzyme (/) is non-rate-limiting and in case it equals unity the enzyme is rate-limiting. Thus, these two categories of the older qualitative analysis are retained in the new terminology. More importantly, however, in any intermediate case the control coefficient can take any value and it can be considered as a quantitative indicator of the relative degree to which the enzyme controls (or limits) the overall flux.
In ordinary (ideal) metabolic pathways there is a one-toone correspondence between the enzymes and reactions, and another definition for the control coefficient [5, 6] compares a relative change of the local rate (Sv i /vi) through a reaction i with a variation (SJ/J) of the system's (steady-state) flux caused by a change in the rate L' The control coefficient defined in this manner is designated by CJi [8] , and is referred to as the control coefficient with respect to the activity or rate of an enzyme to emphasize its relation to a 'local' rate, v i .A short-hand notation [5, 6, 7] for this definition reads: C J= (dJ/J)':v~ (2) v, (~v,/v,) ....
The subscript enz signifies that a perturbation in the local rate (Ov~ / v ) is considered as if the enzyme i reaction were in isolation from the pathway (therefore, only the i-th reaction is required to be at steady state). The subscript sys signifies that after an initial perturbation of the local rate the pathway as a whole attains a new steady state. The mathematically more explicit expression considers changes in an enzyme rate as caused by a variation in any parameterp~ which affects only the rate v~, (c3v~/c3pi ~ O, c3~ / c~Pi = 0 for anyj r i):
J (Ovi / Opi)e~z (When taking the derivative 6v~/Op~all the concentrations of metabolites should be kept at the values of the initial steady state of the pathway).
In an analogous manner (see Eqs 1-3) the concentration control coefficients can be defined. They measure the response of the concentration of a particular metabolite to changes in a specific parameter (e.g., e~ or Pi):
.~Bv sys C~ k = (d In Ix k /dp,) w = v, . (dx k / dp,),ys ,
v, (6 lnlv,I / Op,),, z J (Ov , / ~3p,)e,z where x k is the concentration ofa metabolite. For lack of space we shall mainly deal with the control of the fluxes through a system 9 In ideal pathways the definitions of the control coefficients with respect to the enzyme rate do not depend on the choice of a parameter p, [12, 14, 15, 37] . Considering in Eq. 3 the enzyme concentration ,(ei) as a parameter (p) one can see, that in ideal pathways (where a reaction rate is proportional to the enzyme concentration, vi ct e~, see Introduction) the control coefficient with respect to the rate (C~) is completely equivalent to that one with respect to the enzyme concentration (C/). 9 . . i.
However, m non-Ideal pathways, for example, m metabohc pathways with high enzyme concentrations and moiety conservations, the coefficients C J and C J may differ significantly
( [9, 10] , see also Section 3). Moreover, the control coefficient in a non-ideal pathway, as defined according to Eq. 3 (or Eq. 5), may depend on the choice of parameter p~ ( [10, 38] , see an example in Section 5) . This dependence appears due to direct or indirect (i.e., via the moiety conservation involving different enzymes bound to the same substrate moiety) interactions between enzymes. Indeed, below we shall see that the difference in the control coefficients can be used to diagnose channelling (see also [34, 36, 38] ). One of the best known and intuitively most understandable properties of the flux control coefficients is that when summing over all enzymes of a system they add up to unity:
In ideal pathways this property, called the summation theorem, is valid independently of the structure of a pathway and the local kinetic properties of the enzymes. Indeed, in such pathways any steady-state flux is a homogeneous first order function of the enzyme concentrations (i.e., if the enzyme concentrations simultaneously change by a factor (c~), all fluxes in the system will change by the same factor (a), and the summation theorem (Eq. 6) is a simple consequence of Euler's theorem (cf. [1:5, 39, 40] ). However, if a metabolic pathway is non-ideal, the sum in Eq. 6 may be not equal to unity 9 The behavior &the sum of the flux control coefficients in different systems will be analyzed below. We shall see that measuring this sum can give a deeper insight into regulatory properties of the real cellular pathways.
Static and dynamic channelling: partly channelled pathways
In the traditional view e, nzymes in an aqueous solution obtain their substrates from a well-stirred bulk phase and return their products back to that phase. As was mentioned in the Introduction the existence of alternative forms of metabolic organization including enzyme-enzyme interactions and enzyme associations requires to extend this naive concept. The term 'channelling' has been used by a number of authors to indicate a sequence of chemical conversions taking place within enzyme complexes without releasing the intermediate metabolites into the bulk phase. The reaction sequence in such a 'channelled' phase may be catalyzed by various types of enzyme associations. In the case of so called 'static' channelling the enzymes in the complex are tightly bound, i.e. such complexes exist longer than the mean passage time ofmetabolites through that part of the pathway. In an extreme case different monomers can be linked covalently as, for instance, in the pyruvate dehydrogenase and tryptophan synthase enzyme complexes [41 ] . Obviously, in the latter case the concentrations of different 'domains' of the complex can not be varied independently, so that the question how variations of the concentrations of different enzymes (domains) affect the flux becomes inoperational. Much of the current debate in the literature is more concerned with weak enzyme associations, often requiring the presence of the common intermediate [42] [43] [44] [45] . In this case the amount of complex enzymes depends dynamically on the metabolite concentrations and the flux through that part of the pathway. If such an association of enzymes leads to a direct transfer of an intermediary metabolite, it is referred to as 'dynamic channel'. In the following we develop a general control theoretical treatment applicable to an arbitrary physico-chemical mechanism of channelling (static or dynamic, different schemes that are possible in general are described in detail in [45, 46] ). For a moment we return to a simple metabolic pathway in which channelling is absent (Fig. 1) . Traditionally this pathway is treated in terms of two consecutive, enzyme catalyzed reactions without going to the detailed enzyme mechanisms. Each of the reactions, e.g., reaction 1, has a control coefficient over the pathway flux defined by considering a small change in the total concentration of enzyme (el), see Eq. 1. Here we note, that in the framework of a 'microdescription' (see Fig. 1 ) such an increase ore I corresponds to a simultaneous proportional increase in all the forward and reverse (pseudo-) first order rate constants of the enzyme 1. To make this statement exact, we need to define the control coefficients of the elementalprocesses (steps) of the enzyme 1 with respect to the overall steady-state flux through the pathway (<):
where the differentiation conditions are such that the forward (k~) and the reverse (kT) rate constants of the elemental process i are changed by the same factor, all other parameters being kept constant. It should be noted that this definition [cf., 
The analogous definition for the elemental control coefficient over any concentration x k reads:
= (o gn Ivil / Op,)p o= Now, for the pathway of Fig. l , the control coefficients rela-(Cvel) of tive to both the concentration (C~ 1) or the activity J the enzyme 1 can be written as:
Here the symbol ve I is used to emphasize that the control coefficient is related to the entire enzyme e 1 rate rather than to the rate of the elemental step. For the pathway of Fig. 1 the summation theorem (Eq. 6) can be written as:
This reformulation of the summation theorem for simple pathways may be useful for the cases where one is attempting to understand what the implication is of a regulation of one of the elemental steps in an enzyme catalyzed reaction on the flux through the metabolic pathway. However, here we merely use it as a prelude to the control theoretical treatment for the channelled systems in Fig. 2 . Figure 2a represents the example of a static channel which was analyzed by Sauro and Kacser [33] . It was assumed that the enzymes form the complex (Q = EiEz) independently of their interactions with metabolite molecules. Complex Q catalyzes the direct conversion of S to P, denoted as the step 5 in Fig. 2a . In this such a static channel, the number of enzyme molecules involved in the channel does not vary with the metabolic flux. Figure 2b denotes the more general case of dynamic channelling, where the extent of channelling depends on the relative rates of collision ofEiXand E 2 compared to the rate of dissociation ofE]Xinto E~ plus Xand also on the other rate constants. The reaction sequence in the 'channelled phase' corresponds to steps 5 and 6 and is represented by the lower route in Fig. 2b . Figure 2 may illustrate the problem of defining control coefficients of the participating enzymes in the case of channelling. For instance, enzyme 1 participates in two rather than one reaction (the channelled reaction from S to P as well as the reaction from S to X). Indeed, this is where classical control theory got stuck. Sauro and Kacser [33] were the first who for the case of static channelling (Fig. 2a) have indicated a solution. Assuming thermodynamic equilibrium between the separate enzymes and the complex they calculated the elasticities of partial reactions (i.e., proceeding in the bulk phase and in the channelled phase) with respect to the total enzyme concentrations. However, only under special conditions these elasticities which are referred to as protein (r 0 elasticities [8, 33] depend only on the equilibrium constant and the total amounts of the enzymes. This approximation fails for the more general case of a dynamic channel of Fig.  2b . Moreover, one should take care applying this method to a static channel if association/dissociation of enzyme monomers can no longer be assumed significantly slower than the catalytic reactions. Figure 3 shows a pathway which possesses features of a static channel. At any steady state of the system the step 5 of the complex formation is at thermodynamic equilibrium.
However, if this step is not significantly slower than other steps and if the concentrations of the enzyme forms with bound ligands are comparable to the concentrations of the corresponding free enzyme forms, the ~ elasticities of partial reactions should depend on the flux and the concentrations of intermediates and can not be calculated only in terms of the equilibrium constant and the total amount of the enzymes. For, to fulfil the conditions necessary for the calculation of the rc elasticities via equilibrium parameters, one would have to assume that the affinity of Ej for E 2 does not depend upon whether a ligand (Xor Y) has bound. This is not consistent with a scheme of Fig. 3 , already because it requires the exist- 
Because the flux through the system is a homogeneous function of the elemental rate constants the following summation theorem holds for this channelled system [cf., 39]:
i.e., the sum of the flux control coefficients continues to equal 1 provided the sum is over all the elemental processes 9
S'-\ ~EIX< / I'X'-"" ~-E2y~----. P Fig. 3 . 'Static' channel where only the free ('empty') forms of the enzymes I and 2, E I and E2, can associate into the complex.
Now from the level of the elemental processes of a pathway (the 'microdescription' level) we return to the level of enzyme reactions. The concept of elemental control coefficients allows us to assign an analogue of the control coefficient with respect to the enzyme activity (C J ) to the individualenzymes
of a channel. Suppose, we simultaneously change the elemental rate constants of all processes in which the enzyme i is involved, by the same factor. Considering the corresponding change in the steady state flux J we define the 'impact' control coefficient, ~mvC~, as the sum of the elemental control coefficients over the ~rocesses in which any of the forms of the enzyme i is involved (E#dependent processes):
This coefficient evaluates the total impact enzyme i has on the flux J (the term 'E-dependent' refers to any form of enzyme i, monomeric or complexed, that contains E-moiety).
In Sections 4 and 5 we explain this terminology more thoroughly by considering the responses of channelled pathways to signal molecules and the experimental methods of measuring the control coefficients (see also [38, 47] ). Here we note that 'channelled' elemental steps are the E-and E-depend- 
Consequently, the channelled step 5 contributes to the control exerted by either enzyme. For the scheme of Fig. 2b :
We note that, the definition of the impact control coefficient i"PCS (by modulation of activities of all E<dependent processes) does not correspond to just a change in the total concentration of the enzyme I at constant distribution of this enzyme over all its forms and at a constant concentration of the enzyme 2. Indeed, the concomitant change in the form E~XE z violates the conservation constraint imposed on the total concentration of the enzyme 2. So, in cases of enzymeenzyme interactions as well as in other non-ideal pathways there is a difference between the control coefficients defined in terms of modulations of activity and those defined in terms of modulations of the enzyme concentration (cf. Eqs 1,2 and 11). Both definitions are important since they refer to different experimental methods of determining the control coefficients (see Section 5) . Here, for the channelled pathways of 
For simplicity we here considered the case where the total concentrations of the two enzymes are equal (e). Considering J as well as the overall flux through the pathway the relative contribution of the channelled steps to flux control can be expressed as following (see the branch theorems in [ 15, 16] ):
where Jha, denotes the flux through the channel. Using Eq. 13 one arrives at:
C~, + C:
In the case of static channelling (Fig. 2a ) OS~and CS4disappear from this expression. Eq. 19 shows that the magnitude of the sum of the flux control coefficients can vary from less than unity to two depending on the ratio of the channelled and bulk-phase fluxes and the kinetic properties of the enzymes involved.
Responses of channelled pathways to regulatory signals
External effectors often play a role as signal molecules causing the system to modify its behavior in order to meet altered environmental requirements. In order to understand the cells regulatory structure it is important to realize how the response of the whole system is related to the 'local' response of the reactions directly affected by the signallers. By analyzing the responses to signals we shall arrive at the methods of experimental diagnosis of channelling (see Sections 5 and 6). We now show that the response to signals of 'channelled' pathways can differ drastically from the response of the corresponding non-channelled pathways.
The response of the steady-state flux (J) toward an external signal (effector) is quantified by the response coefficient (R~), defined as log-log derivative of the flux with respect to the concentration of'signal' molecules (t~) (cf. Eq.
1) [3]:
( dJ/J / (d In I JI)
In ideal pathways a metabolic response to a signal is determined by the flux control coefficient and by the elasticity coefficient (e~,) of the rate of the receptor ('target') enzyme (i) with respect to this signal [3] :
This relationship requires that signal molecules % affect only one enzyme i in the pathway, as denoted by the subscript i. In metabolic pathways with enzyme-enzyme interactions Eq. 21 is no longer valid. One of the reasons is lack of a oneto-one correspondence between enzymes and independent reactions. Now, one can guess that to derive a general expression for the responses of non-ideal pathways one may venture to the level of the elemental processes, i.e., use the 'microdescription' of a pathway. The elasticity coefficient of the elemental process k with respect to the signal molecules present at concentration % will be designated as, ek = (0 lnlvJO In %)proc 
Ci k ~i all Eg-dependent processes k
As was mentioned above, some of the elemental processes may depend on two enzymes simultaneously, if these enzymes form a complex involved in catalytic transformations. Applying Eq. 22 to the schemes of Figs 4 and 5 one can see, that additional terms appear in the response of channelled pathways to signallers. For example, the flux responses to a signal (%) affecting the enzyme 1 in the simple (non-channelled) pathway (Fig. 4 ) and in the 'static' channel ( Fig. 5a ) are, respectively:
(the superscript e~ denotes the elasticity of the entire enzyme rate with respect to signal molecules), and
Obviously, the term C~. sso is absent in the response of the of definitions of the control theory (see Eqs 3 and 20) , this normalized response will be called the 'signal transduction' coefficient of the enzyme i, RCJ (%). This signal transduction coefficient is equal to the ratio of the response of the whole pathway to the response of the 'isolated' enzyme:
all Ei-dependent processes k here the superscript e i denotes the elasticity of the rate of the enzyme i considered as if in isolation from the pathway. In ideal systems the signal transduction coefficient coincides with the classical control coefficient of the enzyme (see Eq. 23). In non-ideal pathways the value of the former may depend not only on the pathway properties but also on the peculiarities of signal molecules, as emphasized by the argument % of the signal transduction coefficient. Here we will consider the simple case when the elasticities ~i s~, if k is an E/-dependent process (27) It follows from Eqs 26 and 27 that in this case the expression for the signal transduction coefficient will be following:
all E~-dependent processes k
Thus, for signals satisfying Eq. (27), the signal transduction coefficient coincides with the impact control coefficient (Section 3). Accordingly, the enzyme then transduces such signals via all the processes in which any of its forms is involved, and the contribution of every process is determined only by its flux control coefficient.
It is worth mentioning, that treating in this manner some inhibitors as signals, one may indicate a way of measuring the control coefficients (see Section 5). Here, for signals satisfying Eq. (27) we compare the signal transduction coefficients of enzymes in ideal and channelled pathways, see Figs  4 and 5, respectively. It follows from the equations above (see , that for either enzyme the same additional term is present in the channelled pathway equating, C =LJJ, for the static channel (Fig. 5a) 
for the dynamic channel (Fig. 5b) . In case a significant fraction Jt, a~ of the flux flows through the channel, the signal transduction coefficient of each of the enzymes 1 and 2 can be close to unity, whereas only one of them can have such a value in the pathway of two unchannelled enzyme reactions.
In realistic cases the intermediates may be subject to leakage. In such a case the input flux (J,, the substrate consumption) differs from the output flux (Jut, synthesis of the product), the difference equals the sum of the leaks of bulk phase (X) and channelled (E~XE2) intermediates. Figure 6 shows how the signals can control the output flux at various degrees of channelling in the case when 'channelled' and 'unchannelled' leaks are proportional to the corresponding 'channelled' and 'unchannelled' fluxes. We can see that the signal transduction coefficient of either enzyme (RCJeo',') in-.
. i creases in parallel with the fract]on of the flux that runs through the channel. In a simple case only the bulk phase intermediate is subject to leakage. Then, the signal transduction coefficient (RCJo,0 of either enzyme includes an additional term which in the case of the static channel is equal to:
.... jho,/ju, for the dynamic channel,
Under the condition that most of the bulk-phase flux ends up in the leak and the binding of S and P to E~ and E 2, respectively, are near equilibrium, the Signal transduction coefficient of each of the enzymes E I and E 2 should be close to unity even if the channelled flux is much smaller than total bulk phase flux but comparable to the output flux. We conclude that channelling tends to increase the response of a pathway to signals.
Experimental methods for determining the control coefficients
Classical definition of the enzyme's control coefficient, Eq. 1, has the operational implication of modulating the concentration of that enzyme. However, direct titration of the amount of an enzyme is possible only in a reconstituted system [50] .
In native systems a change in the concentration of the enzyme of interest can be achieved by genetic means, for instance by comparing heterocaryons of Neurospora crassa [51 ], by causing a gene to be expressed from a plasmid [52] , or by modulating the expression of the chromosomal gene [53] . This approach has the c, omplication that the modulation of a single gene may result (although non-directly) in changes of the concentrations of several enzymes. On the other hand, Eq. 3 allows one to measure the control coefficients both in intact and reconstituted systems using inhibitors or other modificators specific to single enzymes [54] [55] [56] .
In ideal pathways, the result of such a measurement does not depend on the type. of inhibitor used, provided that the inhibitor (/) only affects the target enzyme (i). However, this is not true for non-ideal systems, for instance with direct enzyme-enzyme interactions. To emphasize this we called the coefficients, determined according to classical theory, the 'apparent' control coefficients and denoted them by a left upper index 'app' (cf. Eq. 26) [38, 47] :
Here the elasticity of the rate (v) of the 'target' enzyme to the inhibitor is considered as if the enzyme i were in isolation from the pathway at the same metabolite concentrations as in the steady state of the system, e~]= (~ lnlv;[/OL)~,=
Since usually the inhibitor,/, is absent in the intact system, all the derivatives in Eq. 29 should be calculated at [ = 0. Therefore, we used the derivatives with respect to/~ rather than to In/;, in order to avoid indefiniteness connected with the logarithmic derivatives at zero inhibitor concentration (the usual definition of the elasticity coefficients in the control analysis uses logarithmic derivatives, cf. Eq. 21). For instance, if/; is an irreversible inhibitor binding to the enzyme i in the stoichiometry ratio 1:1, Eq. 29 takes the form [54] :
Here l.d denotes the inhibitor concentration necessary to completely suppress the enzyme (in the titration curve/.,,dis determined as a concentration extrapolating to where flux J no longer depends on/), aJ/~3Ii;=o is determined by the initial slope of the titration curve. We start with a simple numerical example showing that the result of an experiment on titrating a channelled pathway with inhibitor does depend on the type of that inhibitor even if the latter affects only a single enzyme [47, Kholodenko et aL, submitted] . We consider a simple dynamic channel (Fig. 2b) , and suppose that in order to measure the control coefficient of enzyme 1 on the total flux through the pathway (i.e. the net production rate of P) one uses different specific inhibitors of the enzyme: (i) a purely non-competitive inhibitor (I"~0 that binds to all the forms of the enzyme 1 independently of their interactions with ligand or enzyme 2 molecules and (ii) a purely competitive inhibitor (fl) that binds only to the free form, E~, which is not complexed with any ligand or enzyme 2. The corresponding formulas for the calculation of the control coefficients using purely non-competitive and purely competitive inhibitors (l"j c and I~) read (see, e.g., [54] ): The titration curve (the dependence of the steady-state flux (J) on the inhibitor concentration) was simulated by solving the equations determining the steady state of the pathway of Fig. 2b for the following set of parameters (in dimensionless units): all the elemental rate constants equaled 1, except for k~ =/c 4 --0.5; the total concentrations of enzymes were taken e I =e 2 = I;K?'= 10, K~I = 10, S= 10, P= 1. Then, Eqs32 and 33 were applied. The apparent control coefficient of the enzyme 1 on the flux converged to 0.51 when determined using the purely noncompetitive inhibitor (I]0 and to 0.40 when determined by use of the purely competitive inhibitor (I~). Clearly, contrary to the classical results, the flux control coefficient in this channelled system depends on how it is determined.
A way how to determine the apparent control coefficients in the general case of channelling was outlined in Section 4. We can consider molecules of an inhibitor (1;) as signal molecules affecting only enzyme i. Then, in view of Eq. 26, the formula for the apparent control coefficient, Eq. 29, takes the form: 
ei r (similarly as above the derivatives with respect to/irather than to In / are used here in order to avoid indefiniteness at zero inhibitor concentration).
There are various types of inhibitors and various mechanisms of inhibition (see, e.g., [57, 58] ). For pathways with enzyme-enzyme interactions this variety may even be greater since the response of th e pathway flux to the inhibitor titration strongly depends on how that inhibition affects the enzyme-enzyme complexes. For instance, in the traditional case a non-competitive inhibitor is thought of as an inhibitor that does not replace metabolites at their binding sites in the enzyme molecule. A purely non-competitive inhibitor is usually considered to affect only the parameter Vmo x of the steady-state rate equation, which in the framework of 'microdescription' corresponds to a simultaneous proportional decrease in all the forward and reverse (pseudo-) first order rate constants of the affected enzyme (cf., [57] ). However, the addition of such an inhibitor specific to the enzyme i to a channelled pathway results in an equal relative inhibition of the activities of all Efdependent elemental processes only if the following conditions are fulfilled: (i) this inhibitor binds to all the enzyme i forms with the same binding constant, (ii) its binding to any enzyme i form transforms the latter into a less active (or inactive) state, (iii) its binding does not change the ability of the enzyme i to form complexes with the other enzymes of the pathway. In such cases the elasticities of all the Efdependent elemental processes are equal to each other and to the elasticity of the reaction catalyzed by the enzyme i in 'isolation' (cf. Eq. 28): ek _ ,ii ifkis an Efdependent process (36)
I nc --v lnc i i
where the symbol l~c denotes a purely non-competitive inhibitor (cf. the numerical example above). It follows from Eqs 34 and 36 that titrating the system with such an inhibitor we measure the impact control coefficient of the enzyme i:
app ~J ne impfJ (37)
C'ei(l i ) = ei
This control coefficient can not be measured by a direct variation in the enzyme concentration, e.g., by modulating the gene encoding the enzyme. Importantly, the impact control coefficient can differ drastically from the control coefficient with respect to the enzyme concentration (see Fig. 6 , where Eq. 28 is assumed to be fulfilled).
A competitive inhibitor competes with a substrate (product) for the binding sites at the enzyme molecule. In terms of a 'mechanistic' model the molecules of such an inhibitor displace the substrate molecules from the binding site. A purely competitive inhibitor is thought to affect only the parameters Km-S of the steady-state rate equation (cf., [57] ). Generalizing this definition one can consider such a purely competitive inhibitor (11 ) of the enzyme i that binds only to the form, Ej, which is not complexed with any other metabolite or enzyme of a pathway. Such an inhibitor will suppress the rates of only those elemental processes in which the 'empty' form, E, is a 'substrate' or 'product'. Hence, in a channelled system Eq. 36 is not valid for a purely competitive inhibitor (I)) of the enzyme i, and the control coefficient of the enzyme i measured with~' will differ of that of determined by use of Eq. 37 and a purely non-competitive inhibitor 17 c. Indeed, we have witnessed a difference between these apparent control coefficients in the numerical example above. Such a difference becomes especially notable in the cases of very tight-binding and irreversible (covalently bound) inhibitors to which Eq. 31 can be applied. It can be shown, that titrating a channelled pathway with an irreversible purely competitive inhibitor one determines (by virtue of Eq. 31) the classical control coefficient (CJ) with respect to the enzyme concentration, whereas htratmg that pathway with irreversible purely non-competitive inhibitor (and using Eq. 31) one measures the impact control coefficient (impCJ~ i ) of the enzyme i [Kholodenko and Westerhoff, submitted] .
Thus, one may conclude that the finding the different flux control coefficients for the same enzyme using different inhibitors may be an indication that this enzyme is involved in a partially channelled pathway. Another such indication can be any difference between the sum of enzyme control coefficients andlgr~y. A more thorough analysis of the problem can be foun~ in the next Section.
Implementation of control theory to the experimental diagnosis of channelling
We saw already (see Section 3, Eq. 19) that when a direct transfer of the intermediate takes place, the sum of flux control coefficients (CJi) over all enzymes generally differs from unity. The contrary is not true, however [33] . In fact, suppose that enzyme association merely leads to a change in kinetics of the constituent enzymes, and channelling of the intermediate does not occur, ratios between concentrations of the free enzymes and the complex changes with a change in the total enzyme concentration, also in this case, the sum of the flux control coefficients will differ from unity for this system (as well as for the systems with channelling shown in Fig. 2) . Therefore, the sum ,of the classical control coefficients (C~) of the enzymes may not be used as the sole criterion for
dtscrlmmatmg between &rect transfer and a free diffusion mechanism. In the particular case of equal concentrations of both enzymes, Sauro & Kacser [33] proposed to distinguish between channelling ancl free diffusion by following the bulk phase intermediate X. When the total enzyme concentration, et + e 2, is varied the concentration of X does change in the system shown in Fig. 7 (in which the direct transfer is absent), whereas it does not change in the case of a static channel (Fig.  2a) . However, this criterion fails in systems with dynamic complexes. As was mentioned, in this case an enzyme complex is formed only if one of the enzymes has already bound the common intermediate, Fig. 2b . It has been shown, that even if the total concentrations of both enzymes are equal, the concentration of the bulk phase intermediateXwill change upon a change in the total enzyme concentration e I + e 2 [47] .
Our consideration of the responses of the flux to signal (Fig. 6 ) or inhibitor molecules (Section 5) already suggests that the sum of the signal transduction control coefficients (apparent control coefficients in the case of inhibitor titration) seemed to be useful for ,discrimination between channelling and a free diffusion mechanism. The question arises: what is this sum equal to for the system shown in Fig. 7 ?
We shall now consider titrations of pathways with enzymeenzyme complexes and a direct (Fig. 2) or a free diffusion mechanism (Fig. 7 ) of metabolite transfer with purely noncompetitive inhibitors. For channelled pathways, upon 161 binding with the complex EIE:, an inhibitor specific to enzyme 1 may inhibit channelling. Similarly a second inhibitor, binding specifically to 2 may do the same (see Fig. 5 with the signal molecules cr and ~2 considered now as inhibitors specific to the enzyme 1 and 2, respectively). We saw that such an inhibition of channelling by either inhibitor made the apparent control coefficient of both enzyme 1 and enzyme 2 include the elemental control coefficients of the shared 'channelled' steps (when Eq. 36 is fulfilled). On the other hand, in the case of a free diffusion mechanism ofmetabolite transfer (Fig. 7) , binding of an inhibitor specific for enzyme 1, to the complex E~E2, may affect the catalytic steps in the reaction catalyzed by the enzyme 1 (which is bound to E2) without affecting the reaction catalyzed by the enzyme 2 (which is bound toE~). In other words, for this enzyme complex that catalyzes a free diffusion mechanism, Eq. 36 is not fulfilled 9 Then, the sum of the apparent control coefficients will exceed unity for the channelled enzymes (Fig. 2) and will be equal to unity for the complexed enzymes with free diffusion (Fig. 7) . We conclude, that depending on inhibitor type the sum of the apparent control coefficients determined by inhibitor titration can be used for experimental discrimination between channelling and a free diffusion mechanism [47] .
The availability ofinhibitors with the properties described above is rare. As an alternative to inhibitor titration an irreversible modification of the enzyme catalytic site could be performed in a separate sample (by chemical or genetic methods). Such a modification should suppress the enzyme catalytic activity only, leaving unchanged the ability of the enzyme to associate with other enzymes. Different amounts of the modified enzyme (e'i n~ which has lost the catalytic activity) should then be added to the system under study at the constant total concentration (el) of the active and inactive enzyme:
The dependence of the flux (J) on the amount of the modified enzyme (e2 ~ is an analog of the titration curve with specific irreversible inhibitor of the enzyme i (the concentration of ~od plays the role of the inhibitor concentrations). Transforming Eq. 31 for the irreversible inhibitor to this case, one finds:
e, j leTOa= 0
The sum of the apparent control coefficients measured using the modification enzyme technique proves to exceed unity for the channelled pathways and to equal unity for the pathways with enzyme complexes but with a free diffusion mechanism of metabolite transfer.
Control of partly or completely channelled systems in general
The conceptual shift underlying the approach developed here is to view any metabolic pathway as a number of 'elemental' processes with (well-defined) forward and reverse rate constants. Notably, this implies that we no longer agglomerate all processes catalyzed by the enzyme into 'separate' reactions catalyzed in 'isolation' from the system. The general case of'non-ideal' cellular pathway which includes r enzyme reactions, is then treated as the network of chemical conversions where the 'metabolites' (system variables) are both free metabolites and different enzyme forms (states) that include enzyme-bound metabolites and enzyme-enzyme complexes (see Section 3 and [ 11 ] ). These conversions are called the elemental processes of the system. Let n be the number of the elemental processes in a pathway (typically n > r), and m be the total number of free metabolites and different enzyme forms (system variables). 
Here instead ofxkthe chemical symbols are used for the concentrations: Ei designates free enzyme, EiS designates the enzyme-substrate form, EE~ and ESE designate enzymeenzyme and enzyme-substrate-enzyme complexes, respectively. Such participants of the enzyme i moiety-conserved cycle are called the enzyme i forms (or states, cf. [59] ). Obviously, complexes involving two enzymes i a ndj (e.g., EE~ and ESE) enter both enzyme i and enzymej forms simultaneously.
In what follows it is convenient to present the total enzyme concentration e~ as the sum of the concentrations of the monomeric enzyme forms (em~ (which may be complexed only with metabolites), and complexes (e~ ~ of the enzyme i with any other enzyme (j), ee = e n~n + Z e e~ = e m~ + e c~ (40)
Here e~~ the part of the enzyme i concentration complexed with all the other enzymes. For the sake of simplicity, we only consider heterodimer complexes (in particular, here we do not consider homodimers ee). The generalization for the case of several enzyme molecules is straight-forward. A common feature of metabolic pathways is the presence of substrate moiety-conserved cycles [60] , the interconversion ofNAD+and NADH may serve as an example. In an arbitrary metabolic pathway s such substrate moiety-conserved cycles may be present,
Here T, designates the total concentration of i-th conserved substrate (not enzyme) moiety, and ~/ik can in most cases be interpreted as the number of moieties of type i in the metabolitex k. Note, that xkentering Eq. 41 corresponds to the concentrations of both free and (for a different value of k) enzyme-bound metabolites. For a mathematically inclined reader we also note that the rank of the m rows by n columns stoichiometric matrix N of the metabolic network is equal to m-r-s. Eqs 39 and 41 describe r + s linear dependencies between the rows of N (see, e.g., [14] ).
Any elemental process (step) in the network under consideration is a mono-or bimolecular reaction with respect to the enzyme forms. Moreover, if any of the enzymej forms enter the left-hand side of chemical equation of the elemental process, then some other form of the same enzymej will enter the right-hand side of that chemical equation. Hence, the rate (v) of every i-th elemental process is a homogeneous function of zero or first order with respect to the concentrations of the forms of any enzymej (the order equals 0 or 1 depending on ,'th whether enzyme forms participate in t elemental process).All the elemental processes with rates depending on the enzymej forms were called E-dependent processes in Section 3.
,I
Now we define n parameters ~, i = 1,2 ..... n each modulating the activity only of the i-th process,
vi(x, ~,) = ~,v,(x, 1) (42)
According to Eq. 8 of Section 3 the elemental flux control coefficient of any process can be defined as following (cf. Eq. 7):
Note, that for the classical 'macrodescription' of a pathway the parameter ~plays the role of the activity or the concentration of the enzyme and the control coefficient defined by Eq. 43 coincides with the 'classical' control coefficient (see Eq. 1).
Relating control by enzymes to control by the elemental processes
In section 3 for simple examples of channelled pathways we related the elemental to the classical control coefficients (see . To elucidate the particular features of the control in the general case of pathways which may involve channelling and moiety sequestrating, we apply a method of perturbation of the steady-state [15, 16] . Let in the initial steady state the concentrations and parameters be perturbed as the following: (i) eve, ry concentration involved in the enzyme i moiety-conserved cycle (see Eq. 39) is increased by a factor 9~:
(ii) parameters, ~k, which correspond to the rates of E-dependent elemental processes (in which any of the forms of the enzyme i participates) are decreased by the same factor ~:
if ~k corresponds to E-dependent process (45) Since the rates v k of E-dependent processes are homogeneous first-order functions of the concentrations of the enzyme i forms (see above), all the rates in the new steady state will be equal to the initial non-perturbed rates. However, the pa- 
here R$ is the flux response coefficient to a change in l-th l substrate total Tt, 
The right-hand side of 1:his equation represents the impact control coefficient of the enzyme i which has been introduced in Section 3, see Eq. 1.4. The left-hand side contains the 163 classical enzyme's i control coefficient, the control coefficients of those enzymes that are complexed by enzyme i, and the response coefficients to a modulation of conserved metabolites complexed by enzyme i. Note, that applying Eq. 48 to channelled pathways in Fig. 2 we arrive at Eq. 17 relating classical and elemental control coefficients for these simple channels.
Concentration control
To relate the classical concentration coefficients (C~k, Eq. 4) to the corresponding control coefficients of the elemental processes (C~ k, Eq. 9) one should take into account, that after perturbation of the parameters according to Eqs 45 and 46,  where/~k is the response coefficient of the concentration x k 1 . to a change m l-th substrate total Tj, 
here the sum of T~. over all enzymes (i) is subdivided into two parts: T~'~ the monomeric enzyme forms and ~o/mp bound to the enzyme-enzyme complexes (note that T~~ twice the sum of T~i over all enzymes). The additional to unity sum in the right-hand side of Eq. 50 is taken over all 'protein interaction' steps, i.e., all the elemental processes in which two different enzyme moietics participate (either as monomeric or complexed enzymes).
The summation theorem for the concentration control coefficients is obtained by summing Eq. 14 over all r enzymes of the pathway: The equations derived above predict dramatic changes in the control properties of the enzymes in real cellular pathways when compared with the 'ideal' pathways considered by the classical metabolic control theory. In ideal pathways both sums on the left-hand sides of Eq. 48 and Eq. 49, respectively vanish. In that case these formulas state that the control coefficient of an enzyme over the pathway flux or the metabolite concentration can be expressed as the sum of the elemental control coefficients of all steps in the reaction cycle of this enzyme (cf. Eq. 10).
In pathways with direct enzyme-enzyme interactions the first sum on the left-hand side of Eq. 48 or Eq. 49 reflects the contribution to the impact control coefficient of the enzyme i of all those enzymes with which enzyme i is complexed. In pathways with high enzyme concentrations and moiety conservations but without direct enzyme-enzyme interactions the first sum on the left-hand side of Eq. 48 or Eq. 49 equals zero, and the right-hand side of Eq. 48 or Eq. 49, respectively, represents the control coefficient with respect to the enzyme rate or activity [9, I0, 33] . In this case Eqs 48 and 49 show that the control coefficient with respect to the enzyme concentration can be significantly less than the control coefficient with respect to the enzyme activity due to sequestration of metabolites. Indeed, in such cases the flux control coefficient with respect to the enzyme activity can even take negative values when its 'classical' analog is positive [ 10] .
Eqs 50 and 51 present the summation theorems for the flux and concentration control coefficients valid now for an arbitrary pathway. In ideal pathways the sum of the flux control coefficients of the enzymes equals i (see Eq. 6, [2, 5] ), and the sum of the concentration control coefficients equals zero or unity depending on whether the control is considered over the concentration of any free metabolite (substrate) or any enzyme form. Eqs 50 and 51 show that sequestrating of moiety-conserved metabolites by binding them to the enzymes present in high concentrations can significantly decrease these sums. On the other hand, channelling ofmetabolites can affect the sum of the flux control coefficients in two different modes depending on the average complexed fraction of enzymes and on the control exerted by 'channelled' steps. The latter may reach as much as 1, so in a pathway without substrate moiety-conservations and small life time of enzyme-enzyme complexes the sum of the flux control coefficients of the enzymes can reach 2 [48] . We shall illustrate this phenomenon considering the group transfer pathway which is an important aspect of cellular bioenergetics system.
Example. Perfect dynamic channels: group-transfer pathways
We address here highly organized cellular pathways involving the transfer of a chemical group through a series of proteins, i.e. group-transfer pathways (or relay pathways). Examples include the bacterial phosphotransferase system transferring a phosphate group from phosphoenolpyruvate to a sugar molecule whilst transporting the latter across the membrane [25] , and the electron transport chain in mitochondrial and bacterial membranes transferring an electron. Such a group transfer pathway can be considered as a perfect dynamic channel in which a transferred group is not released into the bulk aqueous phase until it reaches the end of the reaction sequence. Figure 8 shows the group-transfer pathway where a group P is transferred between r enzymes from the donor SP to the ultimate acceptor W. Each enzyme (i) interacts with two adjacent enzymes (i-1) and (i+I), with which enzyme i may form complexes, designated by Q~-i = E-iPE~ and Qe = EfiE+v The complexes of enzymes 1 and r with the 'boundary' substrates are designated as Q0 = SPEI and Qr = EflW, respectively. Different forms of every enzyme (i) participate in the four elemental processes numbered as 2i-1, 2i, 2i+1, 2i+2 (see Fig. 8 Hence, in a group transfer pathway (perfect dynamic channel) the control exerted lay the enzymes (including 'boundaries') on the pathway flux always exceeds unity. We saw, however, that in the general case of channelling it can be less than unity (see Section 3, Eq. 19).
Discussion
Metabolic control analysis and Biochemical Systems Theory have been great assets for the understanding of the control of intermediary metabolism, mitochondrial oxidative phosphorylation [reviews 39, 62] . It has founded the notion that a total flux control of 100% tends to be distributed among the enzymes participating in the pathway. It has also provided the rationale for any observed distribution of control in terms of enzyme kinetic properties. Consequently; it would seem time to apply these successful approaches experimentally to muscle and more specifically to the phosphoryl transfer from mitochondria through creatine kinase to the actinomyosin ATPase. The bad news of this paper, i.e., that standard MCA may not be applicable to muscle energy metabolism, may have reduced the enthusiasm somewhat. Because of the possible superorganization of the high free-energy phosphate metabolism in muscle, the standard Metabolic ControlAnalysis may not be directly applicable. For, it assumes metabolic pathways to be ideal in the sense of consisting of chemical conversions of well-mixed metabolites by independent enzyme activities. Instead, metabolite channelling (i.e., direct transfer not involving metabolite pools) by creatine kinase isoenzymes may be of prime importance for aerobic energy metabolism [32] . And, the relative localization of contact sites between mitochondrial membranes, creatine kinase, hexokinase and the adenine nucleotide translocase may have strong implications for control.
By the terms 'superorganized' metabolism we here refer to such a level of organization that reaches beyond that of biochemical pathways inclusive of gene-expression regulation and covalent modification. Superorganization involves phenomena such as direct transfer of metabolites between enzymes, complex formation between enzymes [63] , sequestration of metabolites by enzymes and restricted diffusion.
The good news of this paper is that the analogue of MCA that is able to deal with such superorganized metabolism has now been developed. And, it has turned out that such metabolism has quite distinct control properties.
For instance, the sum of the flux control coefficients by enzymes is the golden standard of 100% in ideal pathways.
In superorganized pathways it tends to exceed 1 because of direct transfer of metabolites and it tends to be lower than 1 because of metabolite sequestration. We showed how measuring the responses of a channelled pathway to external effectors (e.g., inhibitors) can enhance the insight into regulatory properties of the pathway.
As a consequence, control studies may be used to determine the functional extent to which metabolism is organized.
Early on, such a use was pioneered by Baum and colleagues [64] and Kell and colleagues in studies of possible superorganization in chemiosmotic coupling [34, 36] .
The analysis presented here may remove an important limitation of metabolic control theory. Moreover, it provides new definitions that should facilitate the quantitative characterization of metabolite channelling, without taking the system apart. The theory developed here also allows one to analyze implications of channelling for the regulation of cellular metabolism.
More in particular, determining for group transfer pathways the sum of the flux control coefficients of enzymes and in particular its deviation from 1 and 2 may serve as a measure of the extent of complexation ofth,e proteins in the pathway. This may be one of the few methods by which such complexation can be demonstrated in cases where cell disruption leads to dissociation of such complexes [22] .
The present study also suggests that in case of a dynamic organization of the components of the electron transfer chain in membranes [65] , the sum of the control coefficients on the flux of reducing equivalents should equal two [cf. 48] , whereas in the case of a static organization [cf. 66] it should equal unity. Existing data lack sufficient resolution to decide.
Mitochondrial creatine kinase is an attractive alternative candidate to prove that metabolite channelling by dynamic enzyme complexes occurs. For, various studies suggest that the adenine nucleotide translocase, mitochondrial creatine kinase of the intermembrane space and porin of the outer mitochondrial membrane channel high-energy phosphates from the matrix to the cytosol [23, 32] .
A second asset of the new control theory is that it suggests that the muscle system might exhibit extra regulation precisely because of its superorganization properties. In 'simple' metabolic pathways the response to an external signal is readily described in terms of the effect of the signal on its receptor enzyme and the control exerted by that enzyme. We have shown that in the response of 'channelled' pathways to such a signal, additional terms appear that reflect the direct enzyme-enzyme interactions [cf. 67] . They tend to enhance the responsiveness of the pathway. The normalized value of the response was called the signal transduction coefficient. We showed that in channelled pathways these coefficients are usually larger than in corresponding non-channelled (simple) pathways.
We conclude that the time is ripe for a quantitative understanding of control and regulation of muscle physiology [see for instance 68] . The control theory developed here may serve to suggest an approach. It will certainly help in understanding why control in such systems is aberrant from that in ideal pathways.
